Recent studies have expanded research on biodiversity by investigating whether the effects of diversity on ecosystem functioning hinge on the presence of symbiotic microorganisms. Cool-season grasses commonly harbour endophytic fungi that can enhance plant resistance to herbivory, drought and competition. We address whether these endosymbionts modify relationships between diversity and two ecosystem properties: productivity and invasibility. We develop a graphical model that predicts endophyte infection of a grass host will weaken correlations between diversity and ecosystem properties. We then use a long-term field experiment to test this prediction by manipulating symbiosis in tall fescue grass (Festuca arundinacea), a common and invasive species in the US. As predicted, endophyte infection reduced the strength of correlations between diversity and both primary productivity and the invasiveness of tall fescue. By altering relationships between diversity and ecosystem functioning, endophytic fungi may contribute more to the dynamics of communities than previously supposed.
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I N T R O D U C T I O N
Research investigating the relationship between species diversity and ecosystem functioning has advanced our basic understanding of community dynamics, and may ultimately improve conservation by focusing attention on the processes critical to sustaining natural ecosystems (Chapin et al. 1998) . The idea that diversity can have strong effects on ecosystem processes was first suggested, among others, by Darwin (1859) and elaborated by Elton (1958) . Theoretical models and experimental tests exploring relationships between diversity and ecosystem properties have proliferated during the past decade (Schulze & Mooney 1993; Naeem 2002) . Recent models predict positive correlations between diversity and both the productivity (e.g. Tilman et al. 1997a ) and the stability of communities (Doak et al. 1998) . Experiments have revealed important functions for diversity in some cases, including the enhancement of primary productivity (Tilman et al. 1997b; Hector et al. 1999; Mikola et al. 2002) , nutrient retention (Tilman et al. 1997a) , nutrient flow (Cardinale et al. 2002) , water availability ) and resistance to invasion (Levine & D'Antonio 1999) . Mechanisms proposed to underlie diversity-ecosystem functioning relationships include the selection effect, whereby communities with higher diversity have a greater probability of including a species with a strong effect on the community and complementarity effects, in which the addition of greater phenotypic diversity to species assemblages enhances resource utilization and fills ecological niches (Wardle 1999; Loreau et al. 2001) .
Integrating the results from models, experiments and observations into a general theory has been challenging. Discrepancies remain regarding both the nature of diversity-ecosystem functioning relationships and the mechanisms that underlie them. Not all studies have uncovered a clear relationship between diversity and ecosystem properties (Wardle 1999) , and correlations often saturate at relatively low levels of diversity (Schwartz et al. 2000) . Furthermore, observational and experimental studies frequently give conflicting results. For example, observations often indicate that more diverse communities are more susceptible to invasion (Stohlgren et al. 2003) , while several experiments and theoretical treatments suggest the reverse (Levine & D'Antonio 1999 ; see also which reconciles these disparate results for a single system).
Recent work has begun to explore whether microbial symbionts of plants influence relationships between diversity and ecosystem functioning (van der Heijden et al. 1998; Hart et al. 2001) . These symbionts, which often go unnoticed, may explain some of the inconsistencies among studies on diversity, particularly if experimenters unintentionally exclude naturally occurring symbionts, for example, by fumigating soil. Mycorrhizal fungi have received the most attention, as mycorrhizal associations can affect the composition of plant communities (Kiers et al. 2000; Hartnett & Wilson 2002) and the success of invasive species (Richardson et al. 2000) . For example, showed that mycorrhizae caused primary productivity to level off more quickly with increasing diversity than when mycorrhizae were absent. Similarly, other symbionts, such as nitrogen-fixing bacteria, can alter ecosystem functioning and the composition of plant communities, particularly when these symbionts modify levels of soil nitrogen or promote a dominant plant species (Vitousek et al. 1987; Maron & Connors 1996) . Thus, microbial symbionts may have major effects on the relationship between diversity and ecosystem functioning (van der Heijden et al. 1998) .
Fungal endophytes of grasses represent one class of microbial symbionts that have so far been neglected in diversity studies. These symbionts are estimated to occur in 20-30% of grass species (Leuchtmann 1992) and can play important ecological roles in plant communities (Clay & Holah 1999) . For cool season grasses in the subfamily Pooideae, fungal endophytes are systemic and often mutualistic (Clay 1996; Bacon & Hill 1997; but see Faeth 2002) . The fungi produce mycotoxins, including several classes of alkaloids that can enhance resistance to herbivory (Clay 1996; Clay & Schardl 2002) . Endophytic fungi can also increase drought resistance (Elmi & West 1995) , enhance nutrient uptake (Malinowski et al. 2000) and improve the competitive ability of their host plant even in the absence of herbivory (Marks et al. 1991; Clay et al. 1993) . In exchange for these benefits, the plant provides structure and shelter for hyphal growth, nutrients in the intercellular spaces where hyphae occur (Hinton & Bacon 1985) and a means of reproduction and dispersal when fungal hyphae grow into and infect developing seeds (i.e. vertical transmission).
Symbioses between grasses and fungal endophytes may contribute substantially to the structure and function of terrestrial communities (Clay & Holah 1999) . Many prior experiments on diversity and ecosystem functioning have been conducted in temperate grasslands, using species in which fungal endophytes may be common. Therefore, assessing the influence of these hidden symbionts on the relationship between diversity and ecosystem properties may help to clarify some of the conflicting results found in other studies.
Here, we use a field experiment with a dominant, introduced grass species to examine the question: Do endophytic fungi alter the relationship between diversity and ecosystem functioning? We examined two ecosystem properties: productivity and invasibility. In addition, we compiled data on the endophyte status of plant species commonly used in diversity experiments to facilitate the inclusion of fungal endophytes in future research.
To provide a conceptual framework for our work, we have adapted a model from Tilman et al. (1997b) and modified by . In this model, plant species exploit niches along two, orthogonal resource axes (e.g. light and water), and the range of resources each species acquires is represented by a circle (Fig. 1 ). The addition of species to the community diminishes resources, and the effect of diversity on ecosystem functioning eventually reaches an asymptote (Tilman et al. 1997b) . In our version of the model, when a common grass species (shown in grey) hosts a mutualistic endophyte, it can acquire more resources than when it lacks the endophyte. This enhancement of resource acquisition becomes particularly important in a diverse community because endophyte-infected grasses cause a greater reduction in the resources available to other species than do uninfected grasses. The other species then contribute less to ecosystem functioning when competing with an endophyte-infected as compared with an uninfected host. Therefore, endophyte symbiosis reduces the strength of the correlation between diversity and ecosystem functioning, regardless of whether this relationship is positive or negative. For example, consider a positive relationship between diversity and primary productivity in the absence of an endophyte (Fig. 1a) . If one grass species in the community hosts a fungal endophyte, other plant species are expected to achieve lower biomass than when the grass lacks an endophyte. Therefore, other species should contribute less to productivity in the presence of an endophyte-infected grass. In communities dominated by an infected grass, a given increase in diversity would thus result in a smaller increase in productivity than in areas dominated by an uninfected grass. Similarly, because endophytes confer a competitive advantage to their host, we predict that diverse plant communities will resist invasion by an uninfected grass better than they resist invasion by an infected grass (Fig. 1b) . We tested these predictions experimentally, and demonstrate that correlations between diversity and productivity, and between diversity and resistance to invasion, are altered in the presence of endophytic fungi.
M A T E R I A L S A N D M E T H O D S Study system
A field experiment was conducted by manipulating a fungal endophyte in tall fescue (Festuca arundinacea Schreb.). Tall fescue is a hexaploid, perennial grass that is self-incompatible. It is native to Mediterranean Europe and Africa and was introduced to the US during the 1800s . Tall fescue is planted extensively for pasture and turf and has become invasive in some regions of the US, including Indiana (Hiebert 1990; Raloff 2003) .
The fungal endophyte, Neotyphodium coenophialum (Latch, Christensen and Samuels) Glenn, Bacon and Hanlin, grows in the intercellular spaces of the aboveground tissues of tall fescue, where it typically accounts for <0.1% of the aboveground biomass (Hiatt & Hill 1997) . The only documented means of spread is by hyphal growth into the seeds of infected plants. The endophyte produces no externally visible symptoms, but can be detected microscopically after staining thin sections of the inner leaf sheath with lactophenol cotton blue (Clark et al. 1983 ).
Field experiment
We manipulated the presence of the fungal endophyte in tall fescue (var. KY-31) to assess the effect of symbiosis on relationships between diversity and both primary productivity (estimated by aboveground plant biomass) and the invasiveness of tall fescue (estimated by fescue biomass). As we did not explicitly manipulate diversity, we cannot infer that diversity has a direct, causal effect on ecosystem properties. However, the experiment allowed us to assess whether the symbiont altered observed correlations between diversity and ecosystem properties. The fungal endophyte was originally eliminated by long-term seed storage to create uninfected (E)) seeds from endophyte-infected (E+) seeds. Seeds used to plant the field plots were several generations removed from the original treatment and were obtained from field plots of E+ and E) plants that freely crosspollinated (details in Clay & Holah 1999) .
During the summer of 1994, alternating plots of E+ and E) tall fescue (20 m · 20 m) were established in a ploughed and tilled, old field habitat at the Indiana Figure 1 Graphical model depicting how mutualistic endophyte symbiosis in a common grass species can alter the relationship between species diversity and ecosystem functioning (adapted from Tilman et al. 1997b and . Each species is represented by a circle that shows the amount of resources it exploits along two resource axes. Grey circles represent the grass species. If the grass hosts an endophyte, it experiences an increase in resource acquisition relative to its uninfected state. This increase will be strongest when resources are most limiting (i.e. at greater levels of species diversity). As the infected grass is superior to the uninfected grass in resource acquisition, it can more strongly reduce the amount of resources available to other species. In turn, these other species contribute less to ecosystem functioning when co-occurring with an endophyte-infected grass. Endophyte symbiosis with a grass host thus weakens the correlation between diversity and ecosystem functioning, regardless of whether this relationship is positive (a) or negative (b).
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University Botany Experimental Field, Bloomington, Indiana (n ¼ 4 plots per treatment; details in Clay & Holah 1999) . By the fall of 1994, tall fescue seeds had germinated along with a number of grasses and forbs (both native and introduced) that recruited from the seed bank or from vegetative fragments. As plots were assigned to treatments at random, the diversity of plants was randomized with respect to the symbiosis treatment. Plots retained differences in the level of symbiosis for the duration of the experiment (Clay & Holah 1999) .
Twenty subplots (0.5 m · 0.5 m), randomly located within each plot, were harvested at ground level at 6-month intervals (October 1995 to June 1998). Different subplots were harvested on each date. Harvests were sorted by species, dried and weighed to the nearest 0.01 g. We determined the Shannon-Weiner diversity index for each subplot harvested by using the biomass of each species to represent its abundance. Natural abundances of herbivores and seed predators (birds, insects, mice, rabbits, voles) were present throughout the experiment.
We analysed harvest data from the final harvest dates (Fall: October 1997 and Spring: June 1998) to focus on the endpoint of diversity-ecosystem functioning relationships. To examine the relationship between biomass estimates (total, fescue and non-fescue) and diversity, we first obtained the residuals from ANOVA models using total biomass, fescue biomass, non-fescue biomass and diversity as response variables. The models included the fixed effects of symbiosis (E+ or E)) and season (October or June), the symbiosis · season interaction, the random effect of plot nested within the symbiosis treatment [plot(symbiosis)], and the plot(symbiosis) · season interaction (SAS Institute Inc. 2000) . This technique allowed us to remove the mean effects of these factors on both diversity and biomass estimates and to focus exclusively on the remaining correlation between diversity and ecosystem properties. Specifically, Clay & Holah (1999) showed that endophyte symbiosis in tall fescue reduced the diversity and biomass of the surrounding plant community. Therefore, we first removed these effects using the ANOVA models described above. We then examined the relationships between residual diversity and residual biomass independently of these mean effects by conducting an ANCOVA that tested whether E+ and E) treatments had significantly different correlations between residual diversity and residual biomass. In all analyses, biomass estimates were square-root transformed, and the diversity index was log-transformed to achieve normality and homoscedasticity of residuals.
Endophytes in diversity studies
We compiled a list of grass species that have been commonly used in diversity studies by searching for papers on diversity and ecosystem functioning published in ecological journals during the past 10 years (see references in Table 2 ). From those papers that included species lists as part of the experimental protocol, we recorded all species in the subfamily Pooideae. For each grass species we then searched for reports of endophyte symbioses in Farr et al. (1989) as well as in the Biological Abstracts and Web of Science (1977 Science ( -2003 electronic databases. Our searches included the species (or genus) of the plant and each of the following terms: endophy*, Epichlo€ e, Acremonium or Neotyphodium. In addition, when data were available, we recorded the frequency of endophyte symbiosis reported in the literature, considering both the proportion of populations shown to be symbiotic and the frequency of symbiosis within populations.
R E S U L T S Field experiment
Symbiosis between tall fescue and its fungal endophyte altered the relationship between diversity and primary productivity, as indicated by a significant symbiosis · residual diversity interaction for total aboveground biomass of the plant community (Table 1 , P ¼ 0.0361). The correlation between diversity and community biomass was significantly negative in the absence of the endophyte ( Fig. 2a ; r ¼ )0.32, P < 0.0001), but non-significant when tall fescue had the endophyte (r ¼ )0.12, P ¼ 0.13). The quadratic term for diversity was non-significant (F 1,314 ¼ 0.35, P ¼ 0.56), showing that the relationship was linear and not a saturating curve.
The endophyte also altered the correlation between diversity and the invasiveness of tall fescue, as estimated by aboveground biomass (Table 1 ; symbiosis · residual diversity, P ¼ 0.0018). The aboveground biomass of tall fescue was more strongly negatively correlated with diversity in the absence of the endophyte than in the presence of the endophyte ( Fig. 2b; E) , r ¼ )0.49, P < 0.0001; E+, r ¼ )0.33, P < 0.0001). As with total biomass, the quadratic term for diversity was non-significant (F 1,314 ¼ 1.36, P ¼ 0.24).
The relationship between the biomass of non-fescue species and diversity was not significantly affected by the endophyte (Table 1 ; symbiosis · residual diversity, P ¼ 0.1928). However, plots lacking endophytes exhibited a less positive trend between diversity and non-fescue biomass than plots with endophytes ( Fig. 2c; E) , r ¼ 0.59, P < 0.0001; E+, r ¼ 0.71, P< 0.0001). Again, these relationships were largely linear; the quadratic term for diversity was not significant (F 1,314 ¼ 3.28, P ¼ 0.07).
Endophytes in diversity studies
Of the 35 Pooideae species recorded from diversity studies, 51% were known to harbour endophytic fungi Fungal endophytes in plant diversity studies 45 (Table 2 ). Only 9% of the species have been shown to be free of fungal endophytes in studies conducted so far. The endophyte status is unknown for the remaining 40% of species. An even greater number of Pooideae genera (18 of 21) used in diversity studies has been reported as infected, suggesting that many species of undetermined status may in fact host fungal endophytes. Data on the frequency of infection were available for 16 of the 18 species known to be infected. The ways in which these data were collected and reported were heterogeneous; therefore, we classified prevalence both within and among populations into three broad categories: rare (<10%), common (10-50%) and frequent (>50%). The majority of species were categorized as being commonly infected with endophytes (10-50%), both within and among populations. However, where there were multiple reports for a single species, infection frequency often varied geographically. For example, Dactylis glomerata was reported to be rarely infected in Finland, but frequently infected in the UK. Additional details on sitespecific frequencies can be obtained from the references provided in Table 2 .
D I S C U S S I O N
Does endophyte symbiosis modify the relationship between productivity and diversity?
Fungal endophytes have the potential to alter the relationship between diversity and productivity. Using a graphical model, we predicted that diversity would be less strongly correlated with ecosystem functioning when a grass was symbiotic than when the grass lacked a mutualistic endophyte (Fig. 1) . This result is expected in part because endophytes both directly and indirectly enhance the competitive ability of their host grasses. In the current study, we focused on the role of endophyte symbiosis in an introduced community dominant, tall fescue. Our field experiment to test this prediction approximated conditions following the abandonment of managed grasslands, which are common features of human-modified ecosystems.
In experimental fields, we found that the observed relationship between primary productivity and diversity was contingent upon whether tall fescue hosted the symbiotic fungal endophyte, Neotyphodium coenophialum. Total aboveground biomass (our estimate of primary productivity) was significantly negatively correlated with species diversity for plots containing uninfected fescue, but this relationship was non-significant for plots of symbiotic fescue (Fig. 2a) . As our field experiment was not designed to detect causality in the correlation between diversity and productivity (neither factor was experimentally manipulated), this result has two possible interpretations: in the absence of the endophyte, increases in diversity may reduce productivity, or in the absence of the endophyte, increases in productivity may reduce plant diversity. Regardless of the source of causation in the absence of the endophyte, however, it is clear that the endophyte significantly altered the relationship between diversity and productivity. The mechanisms underlying this effect are currently unresolved. Most likely, the endophyte modifies diversity-productivity relationships by increasing the level of competition between non-fescue species and tall fescue. Such a change in competition is suggested by the reduced biomass of non-fescue species in plots of infected fescue as compared with plots of uninfected fescue (Clay & Holah 1999) . Given the strong effect observed with tall fescue, we expect that mutualistic fungal endophytes in grasses may commonly alter both the sign and magnitude of correlations between diversity and ecosystem properties, particularly in C 3 -dominated grasslands. Table 1 Field experiment: results from ANCOVA models that tested whether endophyte symbiosis in tall fescue altered the correlation between diversity and aboveground plant biomass, including all plants combined (aboveground biomass), and plants separated into tall fescue or nonfescue species. Residuals for both diversity and biomass estimates were first determined using mixed model ANOVA including the fixed effects of symbiosis (E+ or E)), season (October or June), symbiosis · season, the random effect of plot(symbiosis), and the plot(symbiosis) · season interaction. The mean effect of symbiosis on both diversity and biomass was removed using this approach (P ¼ 1.00). A significant diversity · symbiosis interaction indicates that the correlation between residual diversity and residual biomass depends on the presence of the endophyte, independently of any mean effect of the endophyte on biomass or diversity Symbiotic mutualisms may be crucial to the success of invasive species (Richardson et al. 2000) . Specifically, vertically transmitted fungal endophytes may confer predictable advantages to invading grasses when they accompany their host to new environments. As we predicted from our model, the relationship between diversity and the invasibility of the community was weaker for infected fescue than for uninfected fescue. Our field experiment showed that diversity was more strongly negatively correlated with the biomass of uninfected fescue than with the biomass of infected fescue (Fig. 2b) . We hypothesize that this effect resulted from the competitive advantage conferred by the endophyte to its host. We cannot assign causality to diversity in this experiment because diversity was not explicitly manipulated. Therefore, although diversity may reduce fescue biomass through the selection effect, complementarity effects, or other mechanisms, it is equally possible that fescue biomass controls diversity. However, if biomass rather than diversity is causal, we arrive at the surprising conclusion that increases in the biomass of uninfected fescue are more effective at suppressing species diversity than are increases in the biomass of infected fescue. Further experiments are required to untangle the relative importance of different mechanisms underlying the correlation between species diversity and the invasiveness of tall fescue.
Symbiosis and studies on diversity and ecosystem functioning
More than 50% of Pooideae species and 80% of genera that have been used in prior diversity studies are reported to support fungal endophytes. As much of our understanding of the importance of diversity for ecosystem functioning comes from studies in grasslands (see references in Table 2 ), accounting for the potentially hidden effects of endophytes may help to explain inconsistencies among previous studies and make future experiments more realistic. For example, seeds of infected grasses may lose fungal viability following long-term storage, and experiments using these seeds would fail to reproduce natural hierarchies of competition. Alternatively, seeds obtained commercially may originate from plants selected to be highly infected, while the same grass species may have more variable levels of infection in nature. Given the potential for endophytes to alter the effects of diversity on ecosystem properties, it is important to consider these symbionts when planning both experimental and observational studies. Our experiment focused on a single endophyte host, tall fescue. Tall fescue is planted extensively in the eastern US Figure 2 Field experiment: regression lines for residual aboveground biomass vs. residual species diversity. (a) residual total aboveground (plant community) biomass, (b) residual tall fescue biomass and (c) residual non-fescue biomass. Each symbol represents a single subplot, and data from two seasons are presented (October 1997 and June 1998 ; n ¼ 80 subplots/endophyte treatment/date). P-values are given for the symbiosis · residual diversity interaction (see Table 1 ).
for pasture and turf, covering more than 15 · 10 6 ha . As this species dominates many human-altered landscapes, studies on tall fescue fill a gap in diversityinvasibility studies by investigating the effects of a high impact invader (see Levine & D'Antonio 1999) . Other grass species have also been reported to gain competitive advantages from symbiosis with endophytic fungi or to mediate ecological interactions at the community level (Clay et Watson et al. 1993; Omacini et al. 2001) . Thus, fungal endophytes may have important ecological functions in many other grassland systems. Although endophytes may not be as strongly beneficial in some grass species (Saikkonen et al. 1998; Faeth 2002) , few experimental studies have been conducted on non-agronomic species. Many questions remain. Do endophytes enhance the persistence of rare, native grass species, thereby contributing to diversity? How much does the effect of an endophyte on the relationship between diversity and ecosystem functioning depend on the magnitude of the benefits conferred by the endophyte? And, how variable are these benefits in nature?
We are just beginning to recognize the contributions of symbionts, such as mycorrhizal fungi, nitrogen-fixing bacteria and fungal endophytes, to diversity and ecosystem functioning. Experiments that manipulate symbionts can increase the realism of studies on diversity, shifting our focus from investigating simple to more complex systems. In terrestrial communities, many grass species harbour fungal endophytes, and our results show these widespread symbionts may have a strong influence on the functioning of communities.
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